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Global arrest of translation during invertebrate quiescence
(anoxia/Artemiafrnciscana/dormancy/intracelular pH/protein synthesis)
GRETCHEN E. HOFMANN*t AND STEVEN C. HAND
Department of Environmental, Population, and Organismic Biology, University of Colorado, Boulder, CO 80309-0334
Communicated by George N. Somero, April 15, 1994
ABSTRACT Comparing the translational capacities of
cell-free systems from aerobically developing embryos of the
brine shrimp Artemiafranciscana vs. quiescent embryos has
revealed a global arrest of protein synthesis. Incorporation
rates of [3H]leudne by lysates from 4-h anoxic embryos were
8% of those from aerobic (control) embryos, when assayed at
the respective pH values measured for each treatment in ViWo.
Exposure of embryos to 4 h of aerobic acidosis (elevated CO2
in the presence of oxygen) suppressed protein synthesis to 3%
of control values. These latter two experimental treatments
promote developmental arrest of Artemia embryos and, con-
comitantly, cause acute declines in intracellular pH. When
lysates from each treatment were assayed over a range of
physiologically relevant pH values (pH 6.4-8.0), amino acid
incorporation rates in lysates from quiescent embryos were
consistently lower than values for the aerobic controls. Acute
reversal of pH to line values during the 6-min assays was
not sufficient to return the incorporation rates of quiescent
lysates to control values. Thus, a stable alteration in transla-
tional capacity of quiescent lysates is indicated. Addition of
exogenous mRNA did not rescue the suppressed protein syn-
thesis in quiescent lysates, which suggests that the acute
blockage of amino acid incorporation is apparently not due to
imitation in message. Thus, the results support a role for
intracellular pH as an initial signaling event in translational
control during quiescence yet, at the same time, indicate that
a direct proton effect on the translational machinery is not the
sole proximal agent for biosynthetic arrest in this primitive
crustacean.
Survival of long-term periods of dormancy in the life cycles
ofanimals requires a coordinated suppression ofthe catabolic
and the anabolic biosynthetic branches ofenergy metabolism
(for reviews, see refs. 1 and 2). Without such coordination,
the distinct probability arises that cellular energy reserves
will be depleted during the dormant period before environ-
mental conditions are reestablished that are conducive to the
active condition. While this concept is generally appreciated,
the mechanisms underlying the down-regulation of bioener-
getic processes, particularly biosynthesis, are not at all clear.
In this study we provide evidence that global arrest ofprotein
synthesis accompanies entry of crustacean embryos into a
quiescent state promoted by anoxia and offer insight into the
mechanisms by which the down-regulation may be con-
trolled.
Preemergence embryos of Artemia franciscana enter a
quiescent state in response to environmental anoxia where
both energy metabolism and development are arrested (3-7).
The entry into anaerobic dormancy is accompanied by a
change in intracellular pH (pHO) from pH 7.9 to as low as pH
6.3 (8). This pHi acidification is thought to play a regulatory
role in the shutdown of metabolic and developmental activity
in these gastrula-stage embryos. We became particularly
interested in the role pH might play in implementing biosyn-
thetic arrest in Artemia embryos because, in the case of at
least one enzyme (cytochrome c oxidase), synthesis is
blocked in both anaerobic and artificially acidified embryos
(6). Recent data have suggested that this inhibition is not due
to depleted mRNA pools in quiescent embryos but, rather,
may be related to physiological control that operates at the
level of translation (9).
During modulation of global protein synthesis, the domi-
nant point of translational control, particularly for mamma-
lian cells, is thought to be phosphorylation/dephosphoryla-
tion of translational components (10). The signaling events
that control these and other proximal mechanisms are not
well resolved but may include Ca2+ and pH effects (11-13)
and changes in redox state (14). The Artemia embryo serves
as an excellent model to address pH effects on protein
synthesis for a number of reasons. (i) Under anoxia the
embryo is naturally acidified by endogenous mechanisms,
where net hydrolysis of ATP explains a major portion of the
proton accumulation (15). (ii) Fully aerobic embryos can be
artificially acidified to pH 6.8 simply by exposing the em-
bryos to high concentrations ofCO2 (termed aerobic acidosis)
(3). Incubation under aerobic acidosis results in a quiescent
embryo that displays many biochemical responses that are
identical to those observed during the more natural condition
of anaerobic dormancy (for a review see ref. 2). Aerobic
acidosis is a useful experimental tool because the embryo is
rapidly acidified via an exogenous mechanism (i.e., not as a
result ofmetabolic activity ofthe embryo), and consequently,
ATP levels remain equivalent to those of aerobic control
embryos for several hours (4). Thus, suppression of energy-
consuming processes such as protein synthesis apparently
does not require any reduction in cellular energy supplies.
(iii) The effects ofpH on protein synthesis in Artemia can be
studied during the entrance into anaerobic quiescence, a
physiological transition that is readily reversible.
The use of cell-free translation systems in this study has
allowed us to investigate the degree to which the arrest of
protein synthesis is global and the mechanisms responsible
for the modulation of translation in Artemia embryos. We
show that lysates from quiescent embryos (naturally and
artificially acidified) have suppressed rates of amino acid
incorporation as compared to those measured in lysates from
active control embryos. These results suggest that transitions
in intracellular pH may serve as an initial signaling event for
the depression of protein synthetic capacity during quies-
cence, but equally importantly, indicate that a stable alter-
ation in translational capacity, perhaps involving the covalent
modification ofinitiation factors, is also operating to suppress
protein synthesis during reversible bouts of metabolic arrest.
Abbreviations: pHi, intracellular pH; eIF-2, eukaryotic initiation
factor 2; eEF, eukaryotic elongation factor.
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MATERIALS AND METHODS
Embryo Preparation and Incubation Procedures. Dehy-
drated A. franciscana embryos (Great Salt Lake population)
were purchased from Sanders Brine Shrimp (Ogden, UT) and
were stored at -20°C. The hatchability ofthese embryos was
78%, as judged by the development of free-swimming larvae
under optimal hatching conditions (16). Embryos were hy-
drated for 4 h at 0°C and then washed (4) and incubated (6)
as described. The gassing conditions were 60% N2/40% 02
for aerobic development, 100lo N2 for anaerobic quiescence,
and 60o C02/40% 02 for aerobic acidosis. After the incu-
bation period, embryos were rinsed four times with 500 ml of
ice-cold distilled water. The embryos were given a final wash
in 250 ml of 10 mM Hepes buffer that was adjusted to pH 7.9
for aerobic embryos and pH 6.8 for anaerobic and aerobic
acidotic embryos.
Preparation of Embryo Lysates. Cell-free lysates were
prepared from Artemia embryos with modifications of the
method as reported (17). The preparation of lysates from
active and dormant embryos was identical except that the
buffer pH reflected the known pHi values for each treatment
group as measured by 31P NMR (pH 7.9 for aerobic devel-
opment and pH 6.8 for anoxia and aerobic acidosis; refs. 3
and 8). All buffers were titrated at 4°C, except for the Hepes
buffer used in the translation assays, which was adjusted at
280C.
After the final Hepes buffer wash, embryos were blotted
dry and a 10-g sample was ground in a prechilled mortar in
0.25 vol of 50 mM Hepes/15 mM dithiothreitol/soybean
trypsin inhibitor (0.65 mg/ml). The ground embryo material
was transferred to a loose-fitting ground glass homogenizer
and homogenized (five passes) in one-ninth volume of 100
mM Hepes/1.0 M potassium acetate/10 mM magnesium
acetate/30 mM dithiothreitol. The homogenate was centri-
fuged at 20,000 x g for 20 min at 4°C, and the resulting
supernatant was carefully separated from the flocculent
pellet and used as the lysate. The lysate was separated into
aliquots and creatine phosphokinase (64 units/ml) and 10%0
(vol/vol) glycerol were added. Only freshly prepared lysates
were used to perform in vitro translation assays. Protein
determinations were made using a modified Lowry assay
(18).
Measurement of Leucine Levels in Lysates. Protein was
precipitated in aliquots of lysates by the addition of perchlo-
ric acid to a final concentration of6% (vol/vol) and then was
separated and quantified (4). Neutralized supernatants were
derivatized with o-phthaldialdehyde and analyzed for leucine
by HPLC as described (19). All [3H]leucine incorporation
data from translation assays were normalized for differences
in total leucine content using the following values: 3.50 ± 0.54
nmol of leucine per mg of protein for lysates from aerobic
embryos, 4.11 + 0.37 nmol of leucine per mg of protein for
lysates from anoxic embryos, and 7.61 ± 0.15 nmol ofleucine
per mg of protein for lysates from aerobic acidotic embryos
(mean ± SEM; n = 3 for all determinations).
Cell-Free in Vitro Translation Assays. Translation was mea-
sured in assays that contained 8 /1 oflysate and 20 pI ofassay
medium. The final volume (28 Ml) contained 30 mM Hepes
(pH adjusted with KOH), 80 mM potassium acetate, 1 mM
magnesium acetate, 0.1 mM spermidine, 25 mM phosphocre-
atine, 0.51 unit of creatine phosphokinase, 5 jACi of [3H]leu-
cine (Amersham, 143-156 Ci/mmol; 1 Ci = 37 GBq), and 10
units of RNasin (Promega). The ionic contributions of the
lysate were not included in the above concentrations. Unless
otherwise noted, assays were at pH 7.9 for lysates from
aerobic embryos and at pH 6.8 for lysates prepared from
anaerobic and aerobic acidotic embryos. Calculations of
amino acid incorporation rates were made using the linear
portion of the incorporation curve. Incorporation rates were
computed across the initial 6 min, with the exception that
rates from lysates of quiescent embryos translated at pH c
6.8 were calculated over the first 30 min. To begin an assay,
8 A4 of lysate was added to the assay mixture, gently vortex
mixed, and placed in a 280C water bath. The addition of the
lysate was considered as time zero. Translation was termi-
nated by the addition of pancreatic RNase (100 pg/ml),
followed by an additional 15-min incubation at 28°C. Dupli-
cate 5-/4 samples were then pipetted onto Whatman GF/C
filters and allowed to dry. Proteins were precipitated onto the
filter with trichloroacetic acid and washed as described (9).
Radioactivity on the filter was measured by liquid scintilla-
tion counting, and total cpm was calculated for 28-Au assays.
RESULTS
Characterization of the Cell-Free Translation System. Be-
cause one goal of this study was to compare the in vitro
translation capacities of lysates of active and quiescent
Artemia embryos, it was important to keep lysate composi-
tions similar (Table 1). The final lysate pH was slightly more
acidic (about 0.2 pH unit) than the buffer pH used in the
processing of embryos. This observation is probably related
to the release of lysosome contents during cell disruption.
Direct titration of lysates with acid or base after their
preparation was avoided due to a resultant depression of
translational capacity.
Fig. 1 shows the time course for incorporation of [3H]leu-
cine by lysates prepared from aerobic and anoxic embryos.
Lysates prepared from 5-h aerobic embryos exhibited linear
incorporation ofamino acid up to 12-14 min. Short periods of
linear incorporation in lysates are typical when compared to
other nonreticulocyte cell-free systems (20). In comparison
to lysates from aerobic embryos, amino acid incorporation by
lysates from anoxic embryos displayed linear incorporation
for longer periods when assayed at pH - 6.8 (Fig. 1B), a
probable consequence of the lower rate of incorporation.
The addition ofexogenous globinmRNA to the control and
experimental preparations did not significantly stimulate the
rate of protein synthesis. Thus, endogenous mRNA was
apparently not limiting in the assays. Our previous observa-
tions have shown that levels of total mRNA, as well as
polyadenylylated mRNA, are comparable among these con-
trol and experimental preparations (9). In addition, the qual-
itative patterns of the in vitro-translated protein (as synthe-
sized in a rabbit reticulocyte lysate) are the same among the
three preparations (9). Consequently, it does not seem that
the results below can be explained by quantitative or quali-
tative changes in endogenous mRNA of the lysates.
Comparison of Amino Acid Incorporation in Cell-Free Ly-
sates Pred fom Active and Quiescent Embryos. Table 2
illustrates the acute reductions in rates of [3Hileucine incor-
Table 1. Characteristics of cell-free lysates prepared from Artemia embryos under various physiological conditions
Lysate source pH A2W A2 A2s/A2w Protein, mg/ml
Aerobic embryos 7.29 ± 0.041 140 ± 2.6 204 ± 3.5 0.687 ± 0.0092 35.2 ± 1.20
Anaerobic quiescent embryos 6.65 ± 0.02 134 ± 4.3 195 ± 4.8 0.687 ± 0.0050 31.6 ± 2.17
Aerobic acidotic embryos 6.31 ± 0.010 139 ± 3.6 201 ± 4.6 0.687 ± 0.0047 33.8 ± 0.98
All values are the mean ± SEM for three individual lysates. Differences in protein content and absorbance values were
noted among batches of embryos obtained from the supplier.
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FIG. 1. Time course of incorporation of [3H]leucine into trichlo-
roacetic acid-precipitable protein by cell-free lysates prepared from
aerobic (A) and anoxic (B) A. franciscana embryos. Each data point
represents inA the mean ± SEM for duplicate translation assays and
in B a single determination.
poration by lysates prepared from embryos after anaerobic
quiescence and after aerobic acidosis when compared to the
aerobic controls. Lysates prepared from 5-h aerobic embryos
incorporated [3H]leucine at an average rate of 333,500 cpm
per h per ml of lysate. If the 5-h aerobic embryos were given
an additional 4 h of anoxic incubation, the amino acid
incorporation rate decreased to 31,300 cpm per h per ml of
lysate. An even more severe suppression of amino acid
incorporation rate was observed when the 5-h aerobic em-
bryos were incubated under conditions of aerobic acidosis.
Because artificial acidification ofembryos under fully aerobic
conditions promotes a suppression of protein synthesis com-
parable to that seen under anoxia, we feel there is support for
a signaling role for pHi in the biosynthetic arrest.
Alternatively, it is feasible that the reduced protein syn-
thesis observed in the lysates from quiescent embryos might
be a result of degradation of protein synthetic machinery at
the acidic pH, since a cytoplasmic protease has been de-
scribed from Artemia embryos that has a low pH optimum
(21). Thus, to ensure that the low incorporation was not
merely a reflection of degraded translational components,
translation assays were conducted at pH 6.8 with anaerobic
embryo lysate in the presence of 0.05 mM Na-(p-tosyl)-L-
Table 2. Rate of incorporation of (3H]leucine into trichloroacetic
acid-precipitable protein in cell-free lysates of Artemia embryos
Rates of [3H]leucine
incorporation, cpm/h
Experiment Replicate(s) Aerobic control Treatment
Anaerobic
quiescence 1 251,730 ± 4508 49,067 ± 1004
2 400,120 ± 4642 24,402 ± 462
Aerobic
acidosis 1 317,573 ± 11,547 9,582 ± 2310
2 364,563 ± 5245 4,448 ± 1413
Values represent the mean ± SEM of triplicate in vitro translation
assays performed with a single lysate. For each of the above
experiments, aerobic control embryos were sampled after 5 h of
aerobic incubation and treatment embryos were switched to either
anoxia or aerobic acidosis for an additional 4 h. Lysates from aerobic
embryos were assayed at pH 7.9, and those from quiescent embryos
were assayed at pH 6.8.
lysine chloromethyl ketone. This protease inhibitor effec-
tively depresses the acid protease activity in Artemia (21).
There was no significant difference in amino acid incorpo-
ration for assays with and without Na-(p-tosyl)-L-lysine
chloromethyl ketone.
Influence of Altering the Assay pH on Amino Acid Incor-
poration. The effect of pH on in vitro protein synthesis was
examined in lysates prepared from aerobic, anoxic, and
aerobic acidotic embryos. The range of assay pH values
chosen served to encompass all the physiologically relevant
pHi values for active and quiescent embryos. The pH opti-
mum for lysates from embryos in all three physiological
states was z7.9 (Fig. 2). There was an acute inhibition of
translation at acidic pH values in all cases, consistent with the
strong sensitivity oftranslational 5' cap recognition to low pH
in other systems (22). Despite this proton effect on protein
synthesis, the rate of amino acid incorporation was always
lower in lysates from both types of quiescent embryos
regardless of assay pH. For example, at pH 7.9 the rates of
[3H]leucine incorporation in the anoxic and aerobic acidotic
lysates were 3-fold and 9-fold lower, respectively, than the
rates measured for the aerobic controls. The fact that acutely


















FIG. 2. Rates of [3H]leucine incorporation by cell-free lysates
prepared from A. franciscana embryos plotted as a function of the
assay pH. The pH values plotted are those of the final reaction
mixtures. Embryos were given 5 h of aerobic incubation (circles), 5
h of aerobic incubation plus an additional 4 h of anoxia (squares), or
5 h of aerobic incubation plus 4 h of aerobic acidosis (triangles). Data
points represent the mean ± SEM of triplicate translation assays.
Error bars not shown are within the symbol.
r IF~ ! I





































Proc. Natl. Acad. Sci. USA 91 (1994) 8495
characteristic of control embryos did not rescue the sup-
pressed incorporation rates suggests that another factor (in
addition to pH) is involved in biosynthetic arrest.
To establish the fraction of incorporation in the in vitro
assays that could be ascribed to new initiation, translation
assays were performed in the presence of two known initi-
ation inhibitors, pactamycin and 7-methyl-GTP. Pactamycin
at low concentrations inhibits initiation by interacting with
the small ribosomal subunit, and 7-methyl-GTP competes
with capped mRNAs for initiation factors and thus inhibits
only cap-dependent translation (23). Both inhibitors resulted
in a substantial reduction in amino acid incorporation in
lysates from aerobic embryos (Fig. 3). Results with pactamy-
cin, the more comprehensive inhibitor of initiation, indicated
that 72% of protein synthesis in aerobic lysates was due to
new initiation of polypeptides. Pactamycin had proportion-
ally less effect on the lysates from anaerobic and aerobic
acidotic embryos (59%6 and 8% inhibition, respectively).
DISCUSSION
Results ofthis study support a role for pHi as a signaling event
in the downregulation of translation during quiescence in
Artemia embryos. The parallel effects of anoxia and aerobic
acidosis (Table 2) argue rather strongly for pH participation
at some level in the control of translation. However, it is
important to emphasize that the data suggest there must be
additional intervening mechanisms to regulate translation.
This premise is supported by the observation that translation
assays at alkaline pH did not rescue protein synthesis in
lysates from quiescent embryos (Fig. 2). These experiments
provided information concerning how "reversible" the pH
effect might be and whether an alkaline pH alone was
sufficient to restore translation activity to lysates from qui-
escent embryos. Thus, the low rate of protein synthesis
observed in lysates from quiescent embryos was not simply
an impairment of translation due to a suboptimal pH. Rather,
the data indicate that the pHi transition may foster a stable,
perhaps a covalent, change in the translational components of
the embryo upon entrance into quiescence.
An alternative view is that pH may not be a controlling
factor at all and that the change in pHi merely coincides with
the regulatory event. Extrapolating from work with the sea
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FIG. 3. Effect of initiation inhibitors on amino acid incorporation
by a lysate prepared from aerobic A. franciscana embryos. Data
points represent single determinations from one translation assay.
Control values without inhibitor, circles; 0.5 mM 7-methyl-GTP,
triangles; 75 ,/M pactamycin, squares.
of quiescent embryos may be altered and thus rendered
incompatible with normal rates of protein synthesis. Protein
synthesis requires a sufficient level of NADPH, an effect
possibly explained by the protection of protein sulflhydryl
groups by the thioredoxin system (24) or by direct inhibition
of the guanine nucleotide exchange factor by NADP+ (25).
One of the key events at fertilization in sea urchin eggs is an
increase in NADPH levels (26). Indeed, studies by Akkaraju
et al. (14) have demonstrated that addition of a redox regen-
eration system to cell-free systems of sea urchin eggs results
in a stimulation of protein synthesis and an increase in the
NADPH/NADP+ ratio to values near those measured in 2-h
embryos. For a similar mechanism to be operative inArtemia
embryos during reversible bouts of quiescence, decreases in
redox potential presumably must occur during both anoxia
and aerobic acidosis, which seems unlikely.
There is evidence for a role for pH in translational control
in other systems. Perhaps the best known example of a
potential role for pH in the regulation of protein synthesis is
found in the sea urchin egg. At fertilization, there is an
increase in pHi that is thought to make some contribution to
activating protein synthesis (12). This concept was supported
in cell-free translation systems of sea urchin eggs where
increasing the pH from 6.9 to 7.4 results in a 10- to 20-fold
increase in protein synthesis (27). It is appropriate to note
that Ca2+ transience also has a prominent role in egg activa-
tion (13).
In general, regulation at the initiation phase is one of the
most commonly observed sites for global translational con-
trol, and it is considered to be the rate-limiting step of
translation (10). Control at initiation is most often mediated
by phosphorylation/dephosphorylation of initiation factors
in mammalian cells (10). It would be quite revealing to know
whether such a phosphorylation mechanism is responsive to
pH transitions and whether it might operate during quies-
cence in Artemia embryos. Of the possible kinases in Ar-
temia, only one, a casein kinase type II, has so far been found
to have the capability of phosphorylating an Artemia initia-
tion factor, eukaryotic initiation factor 2 (eIF-2). However,
phosphorylation ofArtemia eIF-2a by the casein kinase type
II has no regulatory influence on eIF-2a activity, at least as
judged by interference with the guanine nucleotide exchange
factor-dependent nucleotide exchange reaction (28). In con-
trast, phosphorylation of eIF-2a by the hemin-regulated
inhibitor from rabbit reticulocytes completely abolished the
guanine nucleotide exchange factor-dependent guanine nu-
cleotide exchange reaction in Artemia. This mechanism of
eIF-2a control is observed regularly in mammalian cells (10).
These data indicate that control of the Artemia eIF-2a by
phosphorylation is possible if the appropriate kinase activity
is present. It is noteworthy that pretreatment of lysates from
aerobic Artemia embryos with protein kinase C serves to
suppress translational capacity to that of lysates from anoxic
embryos (I. Hardewig and S.C.H., unpublished observa-
tions).
The pH sensitivity of kinase/phosphatase systems in Ar-
temia embryos has not been investigated. However, prece-
dence for an influence of pH, on phosphorylation activity
exists in starved Tetrahymena thermophila, where change in
pH; of 0.8 unit was correlated with the reversible phosphor-
ylation of a 40S ribosomal protein, which in turn altered
protein synthesis (29). Similarly, pH, modulation has been
implicated in the signal transduction pathway in hamster
embryo cells, where in the absence of Ca2+ mobilization,
both serine/threonine phosphorylation and protein synthesis
respond to change in pH, (30).
Another possible control point of protein synthesis during
quiescence in Artemia is the alteration of the elongation
phase of translation. While this mechanism is not common,
it is sometimes observed in conjunction with changes in
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initiation rate in systems that show decreased protein syn-
thesis in response to changing cellular environments (10).
Phosphorylation of eukaryotic elongation factor (eEF) 2 is
the best known example of control at the elongation step in
mammalian cells (10). In Artemia, phosphorylation of elon-
gation factor eEF-1 in vitro results in a decrease in GTP
exchange activity (31). A subunit of the eEF-1 appears to
have an endogenous kinase activity (casein kinase type II),
and autophosphorylation seems to control eEF-1.
In summary, our results suggest that the pHi transition
occurring upon entry into quiescence may serve as a signal to
initiate the global arrest of protein synthesis in Artemia
embryos. Similarly, recent evidence has shown acidification
ofextramitochondrial pH to be one factor influencing protein
synthesis within isolated mitochondria from these embryos
(19). The present data indicate that a direct proton effect on
the translational machinery is not the only proximal agent of
translational arrest. Rather, we suggest that pH may trigger
other regulatory mechanisms that alter translational compo-
nents in such a way as to further inhibit protein synthesis. As
alluded to above, the potential connection between pHi
transitions and covalent modification of translational com-
ponents in Artemia warrants study.
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